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SUMMARY
A rapidapproximatem thodforthedesignof centrifugalcompressors
of givenbladeshapewithcompressiblenonviscousflowcharacteristics
~~ beendeveloped USing -&c~ques baseduponstream-filamenttheory.
Axialsymmetryis assumed,butmeridional-planeforcesderivedfromtan-
gentialpressuregraitlentsareincluded.
-1 Themethodwasappliedto thedesignof animpeller~in orderto de-
5 terminetheapproximatemaximumeridionalstreamlinespacingthatcould
‘> be used. Threenumericalsolutionsfordifferentstreamlinespacings
. weremadeusingthesamehubprofile,bladeshape,andprescribedveloc-
itydistributionalongthehub. Theshroudprofilesobtainedfromthe
threesolutions,whichutilized3,5, and9 streamtubes,werenegligibly
* different.Theapproximateccxnputingtimerequiredwas15hoursper
streamtube.
INTRODUCTION
Thecomplexnatureofflowwithincentrifugalcompressorsties ex-
actdesignof compressorccm.pnentsdifficult.Methodsinwhichanex-
actthree-dimensionalapproachasbeenusedsreofnecessitylongandte-
dious.processes(e.g.,ref.1). Thistediumhasledto thedevelopment
ofmanyapproximatem thods,inwhicha two-dimensionalora quasi-three-
dimensionalttackhasbeenemployed(seee.g.,ref.2). Thesemethods
srelesstimeconsumingandquitesatisfactoryforengineeringpurposes.
Thedesignmethodpresentedin thisreportis intendedto speedtheproc-
essstillfurtherandalsotopresenta visualizationfthemechanics
ofthefluidflowin themeridionalplanewhilethedesignprogresses.
Thedesignmethodwasdevelopedat theNACALewislaboratory,using
asa basisstream-filamentme hods,reportedin reference3,forana-
lyzingflowthrougha centrifugalcompressor.Sincethedesignandthe
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analysisolutionsaremerelyinversesofeachother,limitationsand
assumptionspertainingtotheanalysismethodalsoapplytothedesign
method.Thus,thedesignsolutionis adequateonlysolongastheas-
sumptionofaxialsymmetrycanbe used.
Themethoddevelopedwasappliedtothedesignofanimpellerhaving.
givenhubandbladeshapesin ordertodeterminetheapproximatemaximum
meri.dlonalstreaailinespacingthatcanbe usedinthecalculationswith
acceptabler suits.Threenumericalsoluti-onsemployiugmied stream-
linespacingsweremadeusingthesamecombinationfhubprofile,blade
shape,andprescribedvelocitydistributionalongthehub.
DIWEIQPMENTOFDESICINMM!130D
Fortheflow-anelysismethodgiveninreference3,a completegeo-
metricaldescriptionftheimpellerincludinghub,shroud,andblade
shapeswasneededfora solution.Thedesignmethodappliesthetech-
niquesoftheflow-analysismetho&to obtaina shroudshapestsrtingfrom
a givenbladeshape,hubshape,andhubvelocitydistribution.‘Ihequa-
tionsdevelopedin the analysisolutionapplyeqtilywelltothedesign
method.
Outlineofmethod.- Fromelementarystreatine-flowtheory,a series
ofannularconcentricstreamtubesarecomputedin sequencej the endpoint
ofthesequenceisreachedwhenthesunnnationofthestresmtubeflowsequals
thedesiredover-allweightflow.Themannerinwhichthisis accomplished
is asfollows:
(1)A bladeshape,a hubshape,andanaveragevelocityMstribution
leastconducivetoboundarylayerbuild-uparechosen.
(2)A meridional-planehubprofileis drawnandseveralstationsbe-
tweentheimpellerinletandoutletareestablished.
&
—.
.
(3)Unestimatedstreamlineis drawnformingastreamtubead~acent
tothehub.
(4)@. velocityateachintersectionfthestreamlinewtthanormsl
froma hubstationis computedfromtheassumedhubvelocitydistribution
andthevelocityequationderivedinrefenmce3.
(5)Theweightflowpasteachnormal,basedonflowconikttionsat
themidlineofthestresmtube,is thencmqmtedto checkforcontinuity
offlowthrou@ltheStreamtube.
If continuityhasnot
adjustedandtheprocedure
beenestablished,thestreamlinespacingis +.
repeateduntiltheweightflowsattheseveral
.
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stationsmatch.Thi S finalStreEUnline beCOMeS the new base streamlinej
its velocitydistributionis givenby thefinalvaluesofthecomputations.
“ An ad@centstreamtubeis constructedandthemethodrepeated.Whenenough
streamtubeshavebeenconstructedto carrytheover-allweightflowde-
sired,thefinalstreamlinedeterminestheshapeoftheimpellershroud.
Assumptions.- Theflowis assumedtobe isentropic,steady,compress-
ible,andnonviscous.AAal.symetryis assumed,butforcesin themerid-
m ionalplanethatarederivedfromtangentialpressuregradientsareac-
;’ countedforinthedevelopmentoftheflowequations(ref.3). Theaverage
angleofflowrelativeto themeridionalplaneistakenequaltotheblade
* ~“ ~S assmtion iS~d exceptatinletforweightflowsnot
in thevicinityofthatrequiredforzeroangleof attack.At outlet,~
must be modifiedto allowforslip,especiallyin computingtheblade-to-
bladevelocitydistribution.
Geometry.- Completegeometricaldescriptionsofthebladeplanand
a ofthehubshapeoftheimpellerareneededfora numericalsolution.
:
*
Thes@bolsdenotingthegeometricalquantitiesandtheirrelationtothe
q designmethodsre@ven in appentixA andfigure1,respectively.The
H design methoddoesnotrequirethestsrtingprofiletobe thehubshape,0. butanIntermediatestreamlineortheshroudshapecouldbe specifiedin-
stead.Experiencethusfarhasshown,however,thatitisbestto start
in a regioninwhichvelocitychangeshavethegreatesteffecton stresm-
. 13nespacing.Sucha regionis generallyfoundnearthehub,wherethere
islowweightflowperunitarea,andbladeblockageis greatest.
Velocityequation.- A forceequationwasobtainedinreference3 by
suamd.ngtheforcesactingon a psrticlemoving&Longthestreamlinepath.
Theforceequation,whencombinedwitha formofthegeneralener~ equa-
tion,resultedin anequationinvoltingtherelativevelocityq anda
nuniberof geometricvariables.Thegeneralvelocityequationobtainedwas
thensimplifiedforthecaseofradialbladeelementsandnoprerotation
to
where a and b are
dq _ aq
all
parameterssuch
ACosa= r-C
-b
that
a
r cosa
(1)
and
b–sins ( )sinclcosa~+tiCosa
4Whenequation(1)wassolvedforthevelocityq,
Thisequationrelatestherelativevelocityatthehubto
otherpointalongthepathnormaltotheflowstreamlines
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(2)
thatatany
inthehub-to- “~
shroud-passages,-for& impellerwithradialbladeelementsandnopre- 8
rotation.Thegeneralvelocityequaticmisnotconsideredinthisreport, M
sincethetrendofdesirehasbeentowardradialbladeelementsandno
prerotation;however,i~susewouldintrduce
beyondtheaddedgeometriccomplications.
Equation(2)is appliedtodeterminethe
eachstreamlineintheukridionslplane,with
abase. An exactvalueoftheequationwould
becausetheintervalsbetweenstreamlinessxe
totheexactvaluecanbe found-whena and
no limitationstothemethcd. —
—
velocityMstributionalong
theprevioustreamlineas
requireintegration;but
small,a gbodapproximation
b areassumsdconstantand
takenasaveragevaluesbetweenthetwostreamlines.Theequationthen
simplifiesto
Continuityequation.- Inreference3,theequationfor
offlowthroughtheimpellerwaswritten
w = 2SC
r
rfpgqCosp &l
o
Forthedesignmethod,it isnotnecessarytoestablishflow
completepassage,butonlytheincrementofflowthroughthe
betweentwoadjacentstresmsurfaces.Flowconditionsalong
ofthestresmtubeue consideredandtheequationbecomes
w = 21’a’fpgqCos&!zl
(3)
l
w
Thevalueofthe‘densityp,fornoprerotation,isfoundfrom
continuity
—
acrossthe
annulus
themidline
(5)
(6)
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* Thedesignoperatingconditionsfortheimpellerwerechosenas
fOllows:
Equivalentimpellertipspeed,U/@, ft/sec . . . . . . . . . . 1331
Ratioofspecificheats,y . . . . . . . . . . . . . . ..= ..1.4
Prerotation. . . . . . . . . . . . . .. s........ . . . 0
Thehubshapeandthebladeplanwerethoseofthe18-blademixed-
flowcentrifugalcompressordescribedinreference4. A detailedoutline
ofthedevelopmentoftheshroudshapefromtheequationsis givenin
appendixB togetherwiththeprocedureusedforthecomputations.Three
solutionswerecalculatedfromthesamehubshape,bladeplan,andveloc-
itydistribution.Thethree,employingclifferentnumbersof streamlines,
werecalculatedtonotetheeffectof streamlinespacingonthesolution.
A blade-to-bladeanalysisforthsfive-streamtubedesignwasmadeto ob-
taintheperformanceharacteristicsoftheselectedparabolicblade -
shape.
RESULTSANDDISCUSSION
.
Shroudprofile.- SLncetotal.weightflowwastk sameforallthree
+ solutions,streamlinespacingdeterminedthenumberof streamtubes.The
shroudcoordinatesobtainedfromthree-,five-,andnine-stresmtubed -
signsarecomparedintable1. Thetabulationshowsthenegligibleeffect
on shroudshapeproducedby changingstreamlinespacingoverthisrange.
Visuelerrors,inherentin a methodofthistype,in detemini.ngthevalue
ofthecoordinatesandinmakingothergraphicalmeasurementsaccountfor
minordeviationsintheradiusratio.However,themaximumdeviationbe-
tweenanytwuofthegiyenradiusratiosis lessthan1/4of1 percent,
withreferencetotheaverageradiusratioforthethreesolutions.Fig-
ure2 showsthestreamlinepatternobtainedfromthespacingthatresulted
infivestreamtubes.
Velocityratio.- Linesof constantvelocityratio Q relativeto
theimpeller,forthefive-streamtubesolution,areincludedinfigure2.
Similarconfigurationswereobtainedfortheothertwosolutions,with
mmdmumdifferencesamongthethreeoccurringattheshroud.Theshroud
velocityratiosobtainedfromthethree-,five-,andnine-streamtubesolu-
tionsareshownin tableIT. Thedeviationsin thevelocityratiosresult
fromonlyslightdifferencesin shroudcoordinates.Intheregionof
near-sonicvelocity(Machnwber,0.9,e.g.),a changeof1 percentin
flowareacanproducea changeof approximately10percentinvelocity.
Theeffectofsreachangeonvelocityis easilyseenforthethree-
stresmtubesolution.However,sincethedeviatiotiofthevelocitydis-
. tributionsarecomparableto thosethd wouldsrisefromareachangesdue
tomachiningtolerances,anyofthethreedistributionsis acceptablefor
designpurposes.
.-
6ity
3.
NACATN 3399
u
Thespecifiedvelocitypatternalongthehub,andtheshroudveloc-
ratioscalculatedinthefive-stresmtubesolutionareshowninfigure
Thevelocitydistributionscalculatedin reference3 fortheoriginsl h
impellerhaveI&enincludedinthefigure.Theprescribedvelocitypat-
ternalong”thehu%forthedesignmethodconsistsof a slowlydecelerating
flowforhalZthehublength,followedby a gradualaccelerationforthe
remsinder.Withrespecto avoidingboundarylayerbuild-upandsepara-
tionlosses,thispatternis superiortotherapidlydeceleratingflow
alongmostofthehublengthasdeterminedfortheoriginalimpeller.
Theshroudvelocitydistributionfthenewdesignis slsobetter,for ma
althou@therateofdecelerationis aboutthessmeasthatoftheorigl.- %
nalimpeller,thelengthofpathoverwhichdecelerationccursis short-
er. Themostdesirablevelocitypatternwouldbe oneinwhichflowac-
celeratedslongtheentirelengthofbothhubandshroud.However,the
shroudvelocitydistributionthataccompaniesa specifiedhubvelocity
distributioncannot,in general,be predicted.Theshfu’priseinveloc-
ity ontheshroudis anexamp~oftheunpretictability thatresultsfrom
prescribingthevelocityalonganygivenpath,particularlywherelarge
curvaturesxist.
Bladesurfacevelocities.- Themeridional-planerelativevelocity
ratiosforthestreamlinesandtheudxktresmtubesrepresentaveragesof
thoseatthebladesurfaces.To determinethesurfacevelocitiesover
a
the driving and thetrailingfacesoftheblades,themethoddescribed
in appendixD ofreference3 is applied.Velocitydistributionsover d
thebladesurfacesfortheseveralstreamtubesofthefive-stresmtube
solutionareshowninfigure4. Althou*theflowdeceleratesrapidly
alongthedrivingface,separationshouldnotoccurtheresinceexperi-
mentshaveshownthata boundarylayerdoesnotbuildup onthedriving
face.Forallthestreamtubes,therate0$decelerationalongthetrail-
ingfaceis about%qualto thatatmidpassage.Fromconsiderationsof
bladeloadingdistribution,thecombinationf smalldifferenceinblade
sux’facev lo~ies upstreamfrom L equalC).35andlargedifference
thereafterisundesirable.A moreuniformvelocityratiodistribution
couldbe obtainedby changingbladeshapeorby introducingsplitte-r
vanesf3X_bediIU3downAzeamfrom L equal0.35. Theintroductionf
thesesplittervaneswouldalso,by decreasingtheloadingperblade,
reduceanytendencyforaneddyto formonthedritingface.
Calculationsofdistributionfrelativevelocityonthebladesur-
facesshouldtakeaccountoftheslipfektor y. Consequently,themean
relativevelocityvaluesdevelopedin themeritionsl-planecomputations
srenotapplicableforthesecalculations.Valuesofmeanrelativeveloc-
ity thataccountforslipfactorwerecomputedby usingflowanglesob-
tainedby themethodpresentedinreference5. Thehighervaluesso
calculatedwere,comparedwiththevaluespreviouslycalculated“to&eter-
minetheeffecton streamlinespacing.Itwasfoundthattheproduct
pv remainedapproximatelyconstantforthesmallincreaseinrelative m
.
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velocity(approximateaverage6 percentatexit;seefig.5)>thus,stream-
linespacingwasnotchangedsignificantly.However,thehighervslues
. ofrelativevelocitycalculatedwhentheslipfactorwasconsideredhad
a lergeeffectonbladel@ing neartheexit. Theresultsobtainedfrom
a blade-to-bladeana~sisthatneglectedslipfactorindicatedaneddy
formationonthedritingface. Theeddyformationwasnotindicatedwhen
slipfactorwasconsideredbecauseofthedecreasedloading.An indica-
tionofeddyflowis obtainedwhenthesolutionyieldsa valueof driving-
facevelocitythatisimaginaryorin thevicinityof zero. Ineither
case,a highervelocityflowormorebladesintheeddyregionsreneeded.
Inletangleof attack.- Theoreticaldeterminationftheexacthub-
to-shroudvsxiationofbladeinletanglerequiredformostefficientopera-
tionisverydifficult.Theabruptchangein flowareaattheinlet,~he
turningeffectonthefluid,andvelocityvariationacrosstheinletan-
nuluscombinetomakethesolutionoftheproblemarduous.!lIbefollowing
approximatecalculationfinletflowanglesrelativeto thebladespro-
videsa quaMtativemeansof evaluatinga psrticukrbladeinletangle
distribution.Thenetsxeaof eachstresmtube(annulusareaminusblade
srea)is computedandthethrough-flowvelocityfoundfromthedesimate.d
weightflowforthestresmtube.Vectoradditionofthethrough-flowI
. velocityandthewheelspeedatmidstreamtubegivestheapproximateflow
directionatinletto theblades,withrespectothemeridionalplane.
Theapproximateinletanglerelativetothebladesis thenthedifference
c betweenthiscomputedflowdirectionandthebladeangleatmidstreamtube.
Thiscomputationf approximateangleof attackassumesthateachstream-
tubeextendsupstreamfromtheinletandsimulatesa fiXedannuluswith
noradialdisplacementofthestresnillnesfromtheircalculatedpositions.
Intheactualcase,thereis a radialshiftofthestreamlinescausedby
thebladethicknesstaperfromhubto shroud.A morenearlyexactangle
of attackmaybe derivedby usingvaluesoftheupstreamflowangleand
thedeviationanglethattakeaccountofthisradislshiftof thestream-
lines(ref.6). A comparisonoftheapproximateanglesofattackandthe
morenearlyexactvaluesismadeinfigure6. Thefigureshowsanaverage
angleof attackof -2.5°forthemorenesrlyexactsolution,indicating
anexcessiveweightflowat designconditions.Theapproximatesolution
showsa decreasingvalueoftheangleof attackfromhubto shrouddue
to thedecreasingeffect@ bladeblockage.Despitethedisparityin-
troducedby blockageffects,thea~roximatemethodofdeterminingthe
angleofattackestablisheswhethertheradialvsx’iationfinletblade
angleis approximatelythatrequiredforefficientoperation.It canbe
seenthattheinletbladeanglevariationforthisimpellercorresponded
fairlywelltothedesiredesignconditions.
SUMMARYOFRESUM?S
.
A r’a~idapproximatem thodforthedesignof centrifugalcompressors
of givenbladeshapewithcompressible,nonviscousflowchsracteristies
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..D.
hasbeendeveloped.Itassumesaxialsymmetry,butincludesmeridional
planeforcescausedby tangentialpressuregr-ents. Theapproximate
computingtimefora designis 15hoursperstresmtube.
*
Themethodwas
used,withstresmMnespacingsthatres~tedin~~ee~ five~ ~d tine
stres.mtubes,forthedesignofanexampleimpellerwithbladesofa
parabolicshape.Thefollowingresultswe.wnoted:
1.Largechangesin streamlinespacinghadnegligibleeffectson
shroudshape.Theaccompanyingvsriationinvelocitydistributionwas
intherangeofthatwhichwouldarisefrommackd.ningtolerances. mg
m
2.Allowanceforslipresultedinnegligiblechangesin calculated
shroudshape,butresultedin anexitrelativevelocityapproximately6
percentabovethatforthesolutioninwhichslipwasneglected.
3.TheparabolicbladeshapeproducedanuneVenloadingdistribution,
withthema~orportionoftheloadoccurringneartheexit.
4.Theinletbladeanglesofthisimpellerwereapproximatelythose
requiredforhighefficiencyatthedesignweightflow.
.
LewisFlightPropulsionLaboratory -.
NationslAdvisoryComitteeforAeronautics
Cleveland,Ohio,Ikcember6,1954 4
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M?EENDIXA
.
a
b
c
n
An
P
Q
R
r
rc
‘h
. ri
Thefollowingsymbolsareusedinthisreport:
geometricparameter,*.A
‘c r cos~
~ ti+sinczcos~~)geometricparameter,co~~ (
stagnationspeedof sound,ft/see
2= - Nt
Made blockagefactor,~
gravitationalcceleration,ft/sec2
percentoftotelstreamlinel ngth,fromimpellerinlet
nurberofblades
distancealongnormaltiomhub
distancebetween”adjacentstreamllmesalongnormal,ft
fluidparticle
velocityratio,q/ci
velocityre~ti~eto impeller(fig.1(c)),ft/se6
radiusratio,r/impellertipradius
radiusfromads ofrotationtopointbeingconsidered,ft
radiusof curvatureof streamlinesinmeridionalplaae
(positivewhenstreamlineis concaveupward),ft
hubradius
slopeof streegdlnesinmeridionalplanewithrespecto axis
ofrotation
10
r“
t
u
u
v
w
w
z
a
,P
e
T
P
P
Pt
Q
al
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rateofchangein sloper!
bladethicknessat a givenradius,ft
actualimpellertipspeed,ft/sec
tangentialvelocityrelativeto impeller(positivein tirec-
tionofrotation(fig.l(c)),ft/sec
through-flowcomponentofvelocity(fig.l[c)),ft/sec
totalcompressorflowratio,lb/see
increment&lf owrate,lb/see
axialdistancefromfrontofimpellerhub,ft
anglebetweentangento streamlineinmeridionalplaneand
impelleraxisofrotation,deg
bladeangle(fig.l(c),negativeforbackwsrd-curvedblades],. ~
deg
ratioofinletstagnationtemperatureto standardsea-level -4
temperature
ratioof specificheats
slipfactor,averageabsolutetangentialvelocityoffluid
atimpellertipdividedby impellertipspeed
massdensity,lb-sec2/ft4
totalmassdensity,lb-sec2/ft4
bladeanglein sxial-tangentialdirection(fig.l(b),nega-
tiveforbackward-creedblades),deg
angularvelocityofimpeller,radians/see
9ubscripts: .
i inletconditions
0,1,.l l succeedingstationslongstreemli.nes
Superscripts:
valuestakenatmidstreamtube
/(
.
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APPENDIXB
Themeridionalplane
NUMERICALPRocmmE
profileofthespecifiedhubshapeis drawnand
a velocitydistributionc&en. Normalstothehubprofifiareerected
atvarioustations.Columns1 to 7 and9 to12 (table1~) arerecorded
foreachstationalongthehubprofile.Itis emphasizedthatcolumn8
wasusedtofindthebladeanglep andappliesonlytotheparticular
bladeshapeofthisimpeller.Theequationforthebladecurvaturein
theaxialtangentialplane(planet~gentto circularcylinderofradius
r) is @ven by tanCPequals1.3572(122- 3.93)r,where z and r
areinfeet. Caremustbe takentomaintainthepropersignconvention
forthebladeanglesandthe-velocitycomponents(seefigs.l(b)ad (c)).
A satisfactoryapproximationtothevalueof du/dz ateachs%ationalong
themidstreamtubecanbe foundby plottingu againstz fromcomputa-
tionsalongtheprevioustreamline.Thevalueoftheslopeisrecorded
in column13andcolumn14 computed.Thesevaluesremainconstanthrf3ugh-
outtheiterativeprocesswhichfollows.
.
Geometry, - Colmns16to 24andcolumn37 areconcernedwiththe
basicgeometry.Thespacingofthefirststreamlinealongeachnormalto
thehubprofileis estimatedsmdthechosenvaluerecordedin column15.
e Halfofthevalueof column15 islaidoffalongitscorrespondingormal
to definethemidlineofthestreamtube.Columns16,17,and18 m?ere-
cordedforeachstationalongthemidlineof thestreamtube.column17
is equalto thehubradiusatthe ~ valueof column18 (seefig.l(a)),
andisusedin thedeterminationfbladethicknessatthemidline.{The
bladeforthisimpellerhasa constanthicknessof0.210inchat the
hubwitha 3°taperin theradisldirection.) Theradiusof curvatureat
eachstationalongthemidline(column19)isfoundfrom
rc = [1+ (rf)2]3/~r~lor,aswasdonein thisreport,by mechanicalmeans
(ref.7). Column37,equivalentto 2m?- Nt,is thenetcircumferential.
lengthateachstationalongthemid2dne.Theconstantsusedin column37
wi~ applyonlytothisbladeshape.Attentionis calledto thefactthat
thevalueofthesyuibolf inequation(5)isnotcal.culateddirectl.y,
sincef is equivalentto 1 - Nt/2fi. Experiencehasshowntheangle
cx isessentiallythesameforstreamlineandmid13.ne,hencethevalueof
colmn 3 isusedfor a ofthemidllne.Columns22to 24completethe
bladegeometryneededforfurthercomputations.It isagainnotedthat
column21appliesonlytotheMade shapeofthisimpeller.
Velocity.- columns
givenby equation(3)in
.
25to 30 apply
thetext. The
to thecomputationfthevelocity
combinationftermsin each
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columnarereadilycompsredwiththeequationandme explainedinthe .
columnhealings.Column31givesthevalueofthevelocityattheinters-
ection“of’theestimatedstreamlineandeachnorm&1.SLncea linear
vsriationofvelocitybetweenstreamlinesi assumed,thevelocityatthe ‘
midlineofthestreamtube(column32)is simplytheaverageofcolumn31
andcolumn7.
Densityequation.- Equation(6)forthedensity~ includesa num-
berof constantsthathavebeencombinedb columns33and34formore
rapidcalculation.As canbe notedfromequation(6),thenumericalvalue ~
ofthecombinationwillvarywiththespecifiedoperatingconditionsfor
the impeller.~_evsluearrivedatin colw_36is equaltothedimens-
ionlessratio p/pt ~, the exact value of p notbeingrequiredfor
findingthestresmli~spacing.
Continuity-equation.- Thecontinuity-”equationsgivenbyequation
{5)is w= 2nrfpgqCosB An. Equatingtheaverageweightflowsacross
eachnormalyields(2nrfpqcos~ An)l= (2mfpqcOs~ Zh)2= —
. . . (2mfpqcos@dn)n. Then h1,2= (2mfpqcosPAn)n/
{2mfp(qCos131,2wheresubscriptn referstovsluesatanydesignated
station@longthemidline.Thisprocedureis carriedoutin columns38
and39. Theweightflowforthechosenreferericestation,henceforthe
.
streamtube,is theproductof pt,i, g,column38,andcolumn39. The
valuesobtainedin column39foreachstationsxecomparedwiththeorig- “4
inalestimatesin column15. Shouldthevaluesofcolumns39and15not
coincidewithinthespecifiedlimits,tbestreamlinespacingisrevised,
usingthecomputedvalueB of column39asthenextestimateforcolumn
15,andtheprocedurerepeated.Intheexampleproblem,convergencewas
achievedwithinthreesignificantfiguresby theseconditeration.After
a satisfactoryconvergenceb tweencolumns15 and39hasbeenreached,
thefinalvaluesofcolumn39aremarkedonthesolutionendthestream-
linedrawn.Thisstreamlineb comesthenewbasestreamline.Normals
tothenewbasestreamlineereconstructedfromeachstationalongthe
midlineoftheprevioustreamtubein orderto obtaina linemorenearly
normslto allstreamlines.T& velocityateachstationalongthenew
basestreamline(column7)is givenby thefinalcomputationsrecorded
in column31. Thesequenceofoperationsi repeated,usingthefinal
valuesof column39asestimatesforcolumn15 ofthesucceedingstream-
line,untilenoughstreamtubeshavebeenformedto csrrythedesired
weightflow.Theapproximateimerequiredto computeandcheckthe
threesolutionsmadeinthisreportwas15hoursforeachstreamtu-.
KEmREmEs
1.Wu,Chung-Hua:A GeneralTheoryofThree-IKmensionelFlowin Subsonic -
andSupersonicTurbomachinesofAxisl-,Radial-,and&iixed-Flow
Types, NACATN2604,1952.
I
.
. I
NACATN 3399 13
2. Stanitz,JohnD.: ApproximateD signMethodforHigh-*litityBlade
Elementsin CompressorsandTurbines.NACATN 2408,1951.
3.Hsmrick,”JosephT.,Ginsburg,Ambrose,andOsborn,WsJ.terM.: Method
ofAnalysisforCompressibleFlowThroughMixed-FlowCentrifugal
ImpellersofArbitrsryDesign.NACARep.1082,1952. (Supersedes
NACATN 2165.)
4.Anderson,RobertJ.,Ritter,WildiamK.,andDildine,DeanM.: An
InvestigationoftheEffectofBladeCurvatureon Centr5fugal-
ImpellerPerformance.NACATN1313,1947.
5. Stanitz,JohnD.,andPrian,Vasil.yD.: A RapidApproximateM thod
forDeterminingVelocityDistributionImpellerBladesofCentrifu-
galCompressors.NACATN 2421,1951.
6. Stanitz,JohnD.: EffectofBlade-ThicknessTaperonAxial-Velocity
DistributionattheLeadingEdgeof anEntranceRotor-me Rowwith
AxialInlet,andtheInfluenceofThisDistributionAlinementof
theRotnrBladeforZeroAngleofAttack.NACATN 2986,1953.
7.Stewart,WarnerL.: AnalyticalInvestigationfFlowThroughHigh-
SpeedltLxed-FlowTurbine.NACARME51H06,1951.
14 NACATN 3399
T!AHLE1.
*
- SHROUDCOORDINATESFORTHREE-,FIVE-,AltONINE-
0.0092
.0290
.0580
.0870
.1160
.1450
.1740
.2030
.2320
.2610
.2900
R
Numberof streamtubes
0.6666 0.6666 0.6666
.6702 .6710 .6710
.6794 .6794 .6796
.6890 .6882 .6890
.6962 .6964 .6970
.7082 .7088 .7090
.7292 .7296 .7290
.7614 .7616 .7608
.8102 .8090 .8094
.8820 .8800 .8818
.9954 .9952 .9952
TABLE11.- SEROUDWELOCITYRATIOIX91!RIBUTIONSFOR
FIVE-,ANDNINE-~ SOLUTIONS
Velocityratio,Q
:; Numberof streamtubes
I 3 5 I 9 I
0.0092
.0290
.0580
.0870
.1.160
.1450
.1740
.2030
.2320
.2610
.2900
0.981
1.000
.930
.888
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Figure1.- Impellergeometryusedindevelopmentofdesignm&&od.
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Figure4. - Bladesurfacevelocityratiosforthefive-
streamtubesolutionincludingslipfactor(p= 0.89).
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Figure4. - Continued.Bladesurfacevelocityratiosforthe
“five-streamtubesolutionincludingslipfactor(p= 0.89).
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Figure4. - Continued.Bladesurfacevelocityratios forthe
five-streamtubesolutionincludiugslipfa~tor(V= 0.89).
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Figure4.
- Continued.Bladesurfacevelocityratiosforthe
five-streamtubesolutionincludingslipfactor(V= 0.89).
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Figure4, - Concluded.Bladesurfacevelocityratiosforthe
five-streamtubesolutionincludingslipfactor(y= 0.89).
\NACATN 3399 25
Velocity
ratio,Q
Velocityratio
Neglectingslip
— — ‘— Includtigdip
Figure5. -
ratiosin
solution.
Effectof slipfactor(p= 0.89)onvelocity
meridionalplaneforfive-streamtube
6.0 I I I I I
o Approxhuate solution
q Solution derived from ref. 6
5 4“0 \
J
J 2“0
w
$
— — — — — — — 1 ~ — A 3w
o ~
al
1 -2.0 /
/ ~
L .
z — ——
m .
-4.0
0 .50 .60 .70 .80 .90 1.0
*
Radiua ratLO
F@re 6. - Angles of attack calculated with (ref. 6) and without
(approximate solution) consideration of radial displacement of
streamlines ahead of Impel.1.er.
. c
I
, $
‘1 ‘,
U
CA
m
m
